macrophage metabolism toward glycolysis. We show that macrophages from aged mice exhibit significantly reduced autophagic flux compared to young mice. These data demonstrate that autophagy plays a critical role in the maintenance of macrophage homeostasis and function, regulating inflammation and metabolism and thereby preventing immunosenescence. Thus, autophagy modulation may prevent excess inflammation and preserve macrophage function during aging, improving immune responses and reducing the morbidity and mortality associated with inflamm-aging.
norhabditis elegans , mice and non-human primates, have shown a consistent link between loss of autophagy, accelerated aging and reduced lifespan [1] , whereas overexpression of the autophagy gene Atg5 has been shown to increase lifespan [2] . Furthermore, several studies have implicated autophagy in protection against age-related diseases, such as Alzheimer's and Parkinson's disease [3] . The mechanisms by which autophagy is thought to increase lifespan and reduce age-related degeneration include removal of accumulated toxic protein aggregates, degradation of damaged mitochondria, and reduced cell death arising from enhanced homeostatic maintenance and hormesis [1] . Furthermore, autophagy limits stem cell damage and loss [4] , and reduces oncogenic transformation, thereby preventing malignancy [5] . We have previously demonstrated that human CD8 + T cells show reduced autophagic flux with increasing donor age [6] , indicating a role for autophagy in the aging adaptive immune system. However, few studies have investigated the role of autophagy in age-related changes in the innate immune system.
The immune system exhibits a significant decline in effective responses and a concordant increase in susceptibility to infection and attendant mortality with increasing age. Aging of the innate immune system is frequently accompanied by increased circulating neutrophils and macrophages [7, 8] , and a general skewing of haematopoiesis toward the myeloid lineages, with the elderly significantly more susceptible to myeloproliferative and myelodysplastic syndromes than young individuals. Although many functions of innate immune cells decline with age, a chronic, low level of inflammation is observed in the elderly, which is a major contributor to age-associated frailty and morbidity, as well as increased mortality. This is caused by increased basal inflammatory cytokine production by innate cells such as macrophages, a process known as inflamm-aging [9] .
Aging macrophages exhibit a variety of age-related functional and phenotypic changes, including a decrease in oxidative and nitric oxide (NO) burst and reduced phagocytic capacity [10] . Toll-like receptor (TLR) expression on macrophages decreases during aging [11] , as does expression of antigen presentation receptors such as MHC II and the coreceptor CD86 [12, 13] , potentially altering antigen presentation capacity and TLR expression. Multiple studies have also shown increased inflammatory cytokine production by aged macrophages [14, 15] .
We have previously demonstrated that deletion of the essential autophagy gene Atg7 in the hematopoietic system (Vav-Atg7 -/-) results in significantly decreased T and B lymphocytes and declining stem cell numbers and capacity, yet increased numbers of circulating and tissue-resident myeloid cells [4] . In this study, we show that macrophages accumulate in the spleen of young Vav-Atg7 -/-mice, reminiscent of aged mice. We show that loss of autophagy results in a variety of functional changes also reminiscent of those seen in aged macrophages, including impaired maturation, decreased antigen presentation capacity and reduced innate responses, alongside increased production of inflammatory cytokines at basal levels, following immune stimulation and even after phagocytosis. Furthermore, we find significantly decreased autophagy levels in macrophages from aged mice compared with macrophages derived from young mice. We show that aged macrophages have most features in common with autophagy-deficient macrophages and link functional changes in aged macrophages observed in the literature with the altered functions observed in Atg7 -/-macrophages. Loss of autophagy in macrophages appears to dramatically accelerate the appearance of aged macrophage features, suggesting that the decreased autophagy observed in aged macrophages contributes to their functional decline and aberrant inflammatory cytokine production, and implicating autophagy in the regulation of inflamm-aging.
Materials and Methods

Mice
Mice were bred and housed in filter top cages under SPF conditions at Biomedical Services Oxford, and fed ad libitum. Atg7 flox/ flox mice were obtained from M. Komatsu and Vav-iCre mice were kindly gifted by D. Kioussis, London, UK. Mice were bred on a C57BL/6 background and all procedures were carried out in accordance with the Home Office Animals (Scientific Procedures) Act 1986. VavAtg7 mice were generated by crossing Atg7 flox/flox with Vav-iCre +/-mice. The wild type (WT) mice used in the experiments were Atg7 flox/ flox ; cre-, Atg7 flox/wt ; cre+ or Atg7 flox/wt ; cre-, littermates of the Atg7 flox/flox ; cre+ (Vav-Atg7 -/-) conditional knockout mice.
Primary Cells
Macrophages were obtained from a single cell suspension harvested from hind limb bones of 6-to 8-week-old mice and cultured in RPMI 1640 (Invitrogen) supplemented with FCS (10%), glutamine, penicillin, streptomycin and 20 ng/ml recombinant murine M-CSF (Peprotech), and fed 50% of the initial volume of media on the third day of culture. Bone marrow macrophages (BMMΦ) were stimulated on day 7 as described in the relevant figure legends. Peritoneal macrophages were obtained by peritoneal lavage with 5 ml of PBS/5% FCS, and kept on ice until use. Macrophages were identified in all experiments as F4/80 + CD11b + cells.
qPCR mRNA was purified from cells by Trizol extraction (Invitrogen). The comparative Ct (ΔΔC T ) method was used to evaluate relative gene expression in macrophages from WT and Atg7
Electron Microscopy F4/80 + BMMΦ were stained with anti-PE magnetic beads (Miltenyi), enriched using a MACS column (Miltenyi), and fixed for electron microscopy.
Western Blot BMMΦ were stimulated overnight and cells were lysed in Laemmli buffer (Pierce/Thermo Fisher Scientific). Supernatants were precipitated with 1 volume of methanol and 0.25 volumes of chloroform and the protein pellets were resuspended in Laemmli buffer. The samples were then separated on 15% polyacrylamide gels and transferred to nitrocellulose membranes (GE Healthcare). IL-1β was detected with a goat anti-IL-1β antibody (AF-401; R&D systems) and caspase 1 was detected with rabbit anti-mouse caspase 1 (sc-514; Santa Cruz Biotechnology). Cell lysates were separated on 12% polyacrylamide gels and blotted as above.
Flow Cytometry and Image Stream
Macrophages were incubated in Fc block (eBioscience) to reduce non-specific binding and stained with rat anti-mouse F4/80, CD11b, MHC II, MHC I, CD47, CD48, TLR4, CD86, CD14, GM-CSF, IFNγR1 (all eBioscience), rat anti-mouse mannose receptor (Biolegend), or mouse anti-human Glut1 (R&D; confirmed crossreactive with mouse) at 4 ° C for 15 min. Intracellular lipids were stained with Nile red (1 μ M ; Invitrogen). Dead cells were excluded using a live/dead exclusion marker (Invitrogen). For intracellular staining, protein secretion was blocked for 3 h using brefeldin A (eBioscience) and surface molecules were stained as above, followed by fixation and permeabilisation using commercially available buffers (eBioscience). Antibodies against IL-6, GM-CSF (eBioscience) or TNF-α (BD Pharmingen) were diluted in permeabilisation buffer and incubated with the cells at room temperature. Autophagy levels were evaluated using LC3 (MBL) and LysoID (Enzo) as previously described [6] , or CytoID (Enzo Life Sciences) at 1: 4,000 for 30 min at 37 ° C. MitoTracker and Mito-SOX staining were performed as in [16] . Cells were analysed using a Dako Cyan and BD LSRII flow cytometer or ImageStream 100 (Amnis). Data were analysed using FlowJo 9.0 or IDEAS 4.0.735.
Phagocytosis of Beads or Apoptotic Cells
Phagocytosis was evaluated using fluorescently labelled latex beads (Invitrogen). Macrophages were incubated with 1 μl beads ± lipopolysaccharide (LPS) for 3 h, and washed with PBS to remove loose beads. Surface-associated bead fluorescence was quenched by the addition of 0.4% Trypan blue (Invitrogen) diluted in PBS prior to flow cytometry [17] . For apoptotic cell assay, WT thymocytes were CFSE labelled (Life Technologies) and treated for 16 h with dexamethasone (Sigma), following which ∼ 50% of the thymocytes were apoptotic, as determined by annexin V (Invitrogen) and propidium iodine staining (eBioscience) [18] . After counting, thymocytes were incubated with macrophages for 2 h at 37 ° C in a 1: 3 ratio. After 2 h of phagocytosis, brefeldin A was added to the culture for an additional 3 h. The macrophages were then harvested, fixed and stained for TNF-α as described above. Control cells were quenched with Trypan blue (50 μl) to confirm successful phagocytosis.
Griess Reaction
Macrophage culture supernatant was added to sulfanilamide solution and incubated for 10 min at room temperature (Promega). NED solution was then added to each well, and incubated for a further 10 min before being read at 550 nm on a plate reader. The nitrite concentration was determined by the standard curve.
ELISA
A commercially available kit (eBioscience) was used to detect IL-1β in the supernatant of macrophage cultures. The plate was read at 450 nm with the 595-nm wavelength subtracted and the results analysed using Excel.
In vivo Antigen Presentation BMMΦ were generated from male mice, as described above. Male dendritic cells (DCs) were used as a positive control and were derived using GM-CSF and IL-4 (both at 20 ng/ml) in the same manner as the macrophages. WT male macrophages, DCs or Atg7 -/-macrophages (1 × 10 6 cells per mouse) were harvested on day 7, washed in PBS and injected into female recipients via the tail vein. The response was then boosted via vaccinia-UTY injection 7 days later and the antigen response was analysed via tetramerspecific anti-UTY CD8 + T cells. CD19 -CD8 + (both eBioscience) UTY tetramer-positive cells were identified by flow cytometry.
Glucose Assay
Supernatant samples were harvested following overnight LPS stimulation and diluted 1: 25 to bring their glucose concentration within the optimal testing range of 20-80 μg/ml (R10 has a starting glucose concentration of 2 mg/ml), along with D -glucose standards (Sigma). o-Dianisidine reagent was added to the glucose oxidase/ peroxidase reagent, added to each sample, and incubated at 37 ° C for 30 min. Sulphuric acid solution was added and the absorbance at 540 nm was recorded using a plate reader. Values were normalised to the cell number by analysis of the protein content of the cells in each culture sample well.
Seahorse
Peritoneal macrophages were obtained by peritoneal lavage from 4 untreated Vav-Atg7 -/-or WT mice grown in RPMI at 2 × 10 6 /ml with 10 μg/ml of M-CSF for 48 h. Adherent cells were harvested and plated overnight at 2 × 10 5 cells/well in XF 24-well cell culture microplates. Cells were washed in low-buffered bicarbonate-free DMEM (pH 7.4) in a CO 2 -free incubator (37 ° C) before rates of glycolysis were determined in 10 replicates for each genotype by measuring lactic acid release (extracellular acidification rate; ECAR) using an XF24 XF analyser (Seahorse Bioscience, Billerica, Mass., USA).
Statistics
Statistical significance was determined using the Mann-Whitney test, calculated using GraphPad Prism software. Mean values ± SD are presented in the figures. p values <0.05 were considered to be significant; * p < 0.05, * * p < 0.01, * * * p < 0.0001 (one-way analysis of variance in fig. 1e , 4f, 5a, b, and 6e, f).
Results
Atg7-Deficient Macrophages Can Be Derived Normally from Bone Marrow in vitro
In the Vav-Atg7 model, the excision of the essential autophagy gene Atg7 is driven by the hematopoietic stem cell-specific promoter Vav [16] . When macrophages were derived from bone marrow of Vav-Atg7 -/-mice, the excision was found to be >93% efficient at the transcript level ( fig. 1 a) and no Atg7 protein was detected by Western blot ( fig. 1 b) . BMMΦ can be derived in equal numbers from WT and Atg7 -/-mice bone marrow ( fig. 1 c) , and express similar levels of the pan-myeloid marker CD11b and murine macrophage marker F4/80. Relatively increased numbers of macrophages/monocytes were present in the blood, spleen and peritoneum in Vav-Atg7 -/-mice ( fig. 1 d) , which was consistent with our earlier study showing generally increased myeloid cells [4] . Absolute numbers of F4/80 + CD11b + macrophages were increased significantly in the spleen only, but not in the blood or peritoneum ( fig. 1 e) . Loss of Atg7 expression successfully inhibits autophagy, with significantly reduced formation of LC3-associated autophagosomes ( fig. 1 f) visible in Atg7 -/-BMMΦ, even following autophagy induction with LPS or IFNγ. To determine whether a lack of autophagy resulted in alterations to normal macrophage shape or size, morphology was assessed by electron microscopy. Increased vesiculation was visible in Atg7 -/-macrophages ( fig. 1 g ), possibly contributed to by a 2-fold increase in lipid droplets in Atg7 -/-BMMΦ ( fig. 1 h) . Together, these data show that macrophages differentiate normally in the absence of autophagy.
Decreased Autophagy Reduces Macrophage Maturation and Adaptive Immune Function
In order to effectively respond to immune stimuli such as LPS or IFNγ, mature macrophages upregulate expression of surface antigens such as the antigen presentationassociated molecules MHC II and CD86. Whereas MHC II expression was detectable on Atg7 -/-BMMΦ and generally increased following stimulation, it was significantly lower on both unstimulated and stimulated Atg7 -/-BMMΦ, relative to WT expression ( fig. 2 a, b) . Similarly, while WT and Atg7 -/-macrophages both expressed CD86 in the resting state, and exhibited increased expression following stimulation with LPS or IFNγ, Atg7
-/-macrophages expressed a significantly lower level of CD86 ( fig. 2 c, d ). Expression of other immune-response-related proteins, such as MHC I and CD80, and adhesion molecules, such as CD47 and CD48, were also found to be similarly decreased on Atg7 -/-BMMΦ ( table 1 ) . To determine whether the reduction in surface marker expression was Atg7 specific or more generally regulated by autophagy, WT BMMΦ were treated with the autophagy inhibitor wortmannin. Treated WT macrophages expressed lower levels of MHC II, similar to Atg7 -/-macrophages ( fig. 2 e) . Expression of CD86, TLR4 and MHC I showed a similar reduction after treatment with wortmannin (not shown). Conversely, induction of autophagy using rapamycin positively modulated surface antigen expression ( fig. 2 f) . Lastly, Atg5
-/-macrophages showed a similar downregulation of surface molecules to Atg7 -/-macrophages (not shown). Isotype control stainings were performed under all conditions. As Atg7 -/-macrophages generally displayed slightly higher autofluorescence than WT macrophages, the observed effect of lower surface marker expression in Atg7
-/-macrophages is thus likely underestimated rather than overestimated (data not shown).
Antigen presentation by professional APCs, such as macrophages, connects the innate immune system to the adaptive response. We used a male-antigen into female in vivo model to investigate whether loss of autophagy in macrophages influences the activation and expansion of male-specific T cells in female mice. The expansion of MHC I-restricted CD8 + T cells in this system is dependent on MHC II-restricted CD4 T cells [19] . Female recipients of male WT BMMΦ registered double the number of UTY-specific CD8 + T cells identified by MHC-I UTY tetramers compared to animals that received male Atg7 -/-BMMΦ, indicating that Atg7-deficient macrophages did not efficiently present UTY antigen ( fig. 2 g ). This could be as a result of impaired antigen processing, which has been shown to involve autophagy [20] , or as a result of reduced surface expression of MHC and costimulatory molecules.
Decreased Autophagy Results in Reduced Innate
Immune Function in Macrophages TLR4 is a pattern recognition receptor that is highly expressed on macrophages and recognises the bacterial endotoxin LPS. Signal transduction through TLR4, and its coreceptor CD14, causes differential expression of surface molecules and expression of cytokines. Similar to other surface molecules, TLR4 expression was lower on average on Atg7 -/-BMMΦ for all stimuli. Furthermore, TLR4 was not upregulated on autophagy-deficient BMMΦ following LPS stimulation, which was in contrast to WT macrophages where expression increased by almost 50% ( fig. 3 a) . This could partly account for the failure of Atg7 -/-BMMΦ to mature in response to LPS. Given that macrophages are able to recognize a variety of pathogen-associated molecular patterns via different TLRs, in addition to TLR4, we investigated whether the maturation defect is extended to signalling in response to other TLR ligands. Atg7 -/-BMMΦ were stimulated overnight with heat-killed Listeria monocytogenes (HKLM), a TLR2 ligand, or polyinosinic:polycytidylic acid (poly I:C), a synthetic double-stranded RNA ligand to TLR3. Stimulation via alternate TLR pathways did not overcome the surface expression and maturation defect, with levels of MHC II expression on poly I:C or HKLM-stimulated macrophages significantly lower than on WT macrophages ( fig. 3 b) . The surface markers CD86, MHC I, CD47 and CD48 were also found to be significantly lower in Atg7 -/-macrophages following poly I:C and HKLM stimulation (data not shown), suggesting that this defect is not specific to signalling via TLR4. Finally, different concentrations of LPS were used to determine whether increasing the stimulus signal was sufficient to fully mature the macrophages. No tested LPS concentration was sufficient to bring Atg7 -/-MHC II expression levels in line with their WT counterparts ( fig. 3 c) . These data suggest that the maturational defect is not limited to specific stimulation pathways and cannot be overcome by saturating amounts of stimulation.
Macrophage stimulation using bacterial or inflammation-derived signals such as LPS and IFNγ give rise to so called 'classically activated' or M1 macrophages, characterised by the production of inflammatory cytokines and upregulation of antigen presentation machinery. However, macrophages can also be programmed to an antiinflammatory phenotype using Th2-type signals such as IL-4 and IL-13, giving rise to alternately activated (M2) macrophages characterised by increased expression of the mannose scavenger receptor [21] . In order to determine whether the surface marker expression and upregulation defect was limited to M1 macrophages, BMMΦ were stimulated with IL-4 and IL-13. Mannose receptor expression was significantly lower on Atg7 -/-M2 macrophages following stimulation with LPS or IL-4/IL-13 ( fig. 3 d) , indicating that reduced maturation is not related to a single macrophage phenotype.
To determine whether reduced autophagy influenced innate macrophage functions, phagocytic capacity and nitrite burst were analysed in Atg7 -/-and WT BMMΦ. The ability of BMMΦ to phagocytose fluorescently la- 
The expression of each marker [decreased (↓), similar (•) or variable (±)] was determined by the geometric mean of fluorescence relative to WT macrophages. belled latex beads was assessed by flow cytometry. Unstimulated and LPS-stimulated Atg7 -/-macrophages exhibited a small but significant reduction in phagocytosis compared with their WT counterparts (fluorescence intensity relates to ingested beads as surface-associated bead fluorescence was quenched by Trypan blue; fig. 3 e) . Conversely, there was no difference observed between the ability of Atg7 -/-and WT macrophages in the uptake of CFSE-labelled apoptotic thymoyctes (online suppl. fig. 1 ; for all online suppl. material, see www.karger.com/ doi/10.1159/000370112).
NO is a short-lived free radical vital for the cytotoxic and microbicidal activity of macrophages. BMMΦ were stimulated overnight with LPS or IFNγ and supernatants were analysed using the Griess reagent to identify secreted nitrite. Atg7
-/-and WT macrophages produced similar basal levels of NO. However, WT macrophages showed a significant increase in nitrite expression following LPS and IFNγ stimulation, whereas Atg7 -/-macrophages showed no increase in NO production following LPS or only a small increase following IFNγ ( fig. 3 f) . A reduced nitrite burst following pathogenic stimuli coupled with some decreased phagocytic capacity could contribute to the reduced ability of autophagy-deficient macrophages to respond to and eliminate invading pathogens, thereby severely impeding the innate immune response to infection, similar to the phenotype observed in aged macrophages.
Autophagy-Deficient Macrophages Exhibit High Levels of Basal Inflammation
As TLR4 expression was shown to be reduced in Atg7 -/-macrophages, downstream signalling was assessed by investigating the expression of several cytokines following LPS stimulation using ELISA and intracellular flow cytometry. Atg7 -/-macrophages demonstrated increased secreted levels of IL-1β and inflammasome activation following LPS stimulation ( fig. 4 a, b) , which is consistent with previous findings [22] . Interestingly, Atg7
-/-macrophages that had not received exogenous stimulation also exhibited increased IL-1β secretion ( fig. 4 a) , detectable by the sensitive ELISA assay ( fig. 4 a) but not by Western blot ( fig. 4 b) . Furthermore, the expression of other inflammatory cytokines, namely IL-6 ( fig. 4 d) and TNF-α ( fig. 4 e, f), was also significantly increased in Atg7 -/-BMMΦ, both at basal levels and following stimulation with LPS. Alternate activation also resulted in higher TNF-α and IL-6 production in Atg7 -/-macrophages (data not shown). In addition, we assessed the production of GM-CSF, a crucial growth factor regulating myeloid growth and development. Unstimulated and LPS-stimulated Atg7 -/-BMMΦ produce significantly more GM-CSF than WT BMMΦ ( fig. 4 c) . As it is well documented that ingestion of apoptotic cells by LPS-stimulated macrophages results in a significant diminution of TNF-α secretion by macrophages, we measured TNF-α after phagocytosis of apoptotic thymocytes. As opposed to LPS-stimulated WT macrophages, which display expected diminution of TNF-α production, LPS-stimulated Atg7 -/-macrophages only slightly reduce TNF-α production following phagocytosis ( fig. 4 g, h, with similar levels of phagocytosis of apoptotic thymocytes by WT and Atg7 -/-; macrophages fig. 1 a) . Taken together these data show that although TLR4 and other signalling receptor expression is reduced in Atg7 -/-macrophages, signalling downstream of TLRs is intact and even amplified. These data emphasise the important role of autophagy in the regulation of inflammatory cytokine production and, even more crucially, indicate an indispensable requirement for autophagy in the prevention of unsolicited basal inflammation. This immature yet pro-inflammatory phenotype is reminiscent of immunosenescent macrophages.
Loss of Autophagy Results in Altered Mitochondrial Function and Metabolism
Accumulation of damage to DNA, protein and lipids caused by reactive oxygen species (ROS) is thought to be the dominant contributor to aging in post-mitotic cells, such as macrophages, caused by dysfunctional mitochondria leaking electrons from the respiratory chain [23] . As faulty mitochondria are degraded by autophagy [16] , we sought to determine whether mitochondrial load and mitochondrial ROS (mROS) were altered in Atg7 -/-macrophages. Mitochondrial content was assessed using MitoTracker Green, which localises to mitochondria regardless of their membrane potential. Atg7 -/-macrophages had significantly higher mitochondrial content in both unstimulated and LPS-stimulated macrophages ( fig. 5 a) . Generation of mROS was assessed using MitoSOX, a mitochondrial-targeting dye that is oxidised by mitochondrial superoxide producing fluorescence. Levels of mROS were significantly higher in Atg7 -/-macrophages than in WT macrophages ( fig. 5 b) . These measurements were repeated in young (6-8 weeks) and old macrophages (>100 weeks), demonstrating that senescent macrophages display the same phenotype as Atg7 -/-BMMΦ with higher mitochondrial load and increased mROS production, but only following LPS stimulation ( fig. 5 c, d) .
Under normal conditions, classically activated macrophages have relatively few mitochondria as they rely primarily on glycolysis for ATP generation. In order to determine whether these mitochondrial changes influence macrophage metabolism, glycolysis levels were evaluated in Atg7 -/-and WT macrophages using several complementary techniques. Glucose uptake by macrophages was assessed by assaying the concentration of glucose remaining in the medium following culture, relative to the glucose concentration in fresh medium (2,000 μg/l).
Atg7
-/-macrophages utilise more glucose than WT macrophages, particularly following LPS stimulation ( fig. 5 e) . Glucose is transported across the plasma membrane by the glucose transporter Glut-1, with increased expression required for increased glucose uptake. WT and Atg7 -/-macrophages both showed high levels of Glut-1 expression, reflecting the high energetic demands of macrophages. However, Atg7
-/-macrophages showed significantly higher expression of Glut-1 compared with WT macrophages, enabling their enhanced glucose uptake ( fig. 5 f) . The glycolytic rate can also be assessed by observing changes in the ECAR, due to accumulation of lactic acid, a by-product of glycolysis. Analysis of supernatants using a Seahorse Bioscience XF24 analyser indicated a significantly higher basal ECAR (and hence glycolytic rate) in Atg7 -/-peritoneal macrophages, more than twice that of WT macrophages ( fig. 5 g) . Hypoxia inducible-factors (HIF) are transcription factors that respond to decreased oxygen and co-ordinate adaptive responses to hypoxic environments, suppressing mitochondrial respiration that requires oxygen and enabling a switch to glycolytic production of ATP. HIF-1α mRNA was similar in WT and Atg7 -/-macrophages but increased in LPS-stimulated Atg7 -/-macrophages, suggesting that alterations in macrophage metabolism following loss of autophagy are initiated by activation of HIF-1α ( fig. 5 h) , at least upon LPS stimulation.
Senescent Macrophages Display Reduced Autophagic Flux
We next examined macrophages from aged (>100 weeks) C57Bl/6 mice. Similar to Vav-Atg7 -/-mice, mature F4/80 + macrophages were found to be relatively accumulated in the blood and spleen of aged mice; however, aged mice had fewer peritoneal macrophages ( fig. 6 a) . As in Atg7 -/-BMMΦ, lipid droplets were increased in BMMΦ from old mice (online suppl. fig. 2a ). Furthermore, we found increased granularity by forward and side scatter using flow cytometry in both senescent and Atg7 -/-macrophages (online suppl. fig. 2a-d) , possibly reflecting the increased lipid droplet content. Another similarity between senescent and Atg7 -/-macrophages was the reduced surface expression of TLR4 and IFNγR1, although this was more consistently observed across all stimulation conditions in Atg7 -/-macrophages than in aged macrophages, in which the effect was only observed for certain stimulation conditions (online suppl. fig. 3a-d) .
To determine if reduced autophagy can account for the pre-inflammatory immature phenotype of senescent macrophages, we determined autophagy levels in senescent BMMΦ. We found significant reductions in the expression of two essential autophagy genes, Beclin 1 (Atg6) and Atg7, in aged BMMΦ by qPCR ( fig. 6 b) . We then used an ImageStream-based method to detect autophagy levels in BMMΦ from old mice [6] . BMMΦ were identified by F4/80 + CD11b + gating while LC3 puncta were enumerated, and LysoID intensity and the colocalisation (bright detail similarity; BDS) of these two markers was quantified ( fig. 6 e-g, examples in fig. 6 c, d ). The best correlate for autophagic flux is the colocalisation of LC3 and lysosomal markers, giving an indication of fusion between autophagosomes and lysosomes [6] . As expected, lysosomal inhibitors increased the colocalisation of LC3 and LysoID ( fig. 6 e) . Aged BMMΦ showed reduced autophagic flux under all conditions. Also as expected, stimulation of autophagy with LPS + IFNγ significantly increased the number of LC3 puncta/macrophage (LPS + IFNγ is the best stimulus of autophagy in primary macrophages in our experience). However, aged macrophages displayed significantly fewer LC3 puncta than young macrophages, even following autophagic induction ( fig. 6 f) . Lysosomal content was little affected by the treatments, and interestingly it was higher in BMMΦ -/-macrophages were analysed by staining with MitoSOX Red dye and flow cytometry. c Mitochondrial burden in aged macrophages (>100 weeks) as assessed by MitoTracker Green staining. d Mitochondrial superoxide levels in aged macrophages (>100 weeks) were assessed by MitoSOX red staining. e Atg7 -/-macrophages utilise higher levels of glucose than WT. The glucose concentration remaining in the media following culture was assessed and subtracted from the initial glucose concentration (2,000 μg/ml) to determine glucose consumption. f Expression of the glucose receptor Glut-1 was assessed by flow cytometry. Histograms from 3 separate WT and Atg7 -/-macrophage cultures are shown overlaid. g Atg7 -/-peritoneal macrophages have higher levels of glycolysis as assessed by ECAR. h HIF-1α gene expression by qPCR analysis on RNA samples extracted from BMMΦ stimulated overnight with LPS (1 μg/ml). 6 g) , suggesting that changes in lysosomal content alone cannot explain reduced colocalisation. We also confirmed lower autophagy levels using CytoID cellular dye, an LC3-independent technique. CytoID labels autophagosomes and autolysosomes based on their relatively low pH (compared to the cytosol and other organelles), but spares lysosomes. We found that this dye was able to detect a small difference between LPS/IFNγ-stimulated young and old macrophages, whereas its sensitivity does not allow the difference to be detected in unstimulated cells (online suppl. fig. 4 ).
Discussion
Age-related immune senescence affects multiple cell types, resulting in increased cell death, decreased function and a lower capacity to prevent and clear infections. Loss of autophagy in macrophages causes multiple functional changes that are consistently associated with the development of senescence in aged macrophages. In this paper we have shown that the majority of the age-related changes in macrophages are mirrored in autophagy-deficient macrophages (summarised in table 2 ), and demonstrated that aged macrophages exhibit significantly reduced levels of autophagy, further underscoring the relationship between autophagy and aging and suggesting that loss of autophagy contributes to accelerated aging in macrophages. Dysfunctional aged macrophages are a major contributor to the aging process, and in particular to the low-grade pro-inflammatory phenotype that is associated with age-related diseases, e.g. atherosclerosis, obesity and type 2 diabetes.
We find that autophagy is dispensable for murine F4/80 + CD11b + macrophage differentiation, with no decrease in the number present in Vav-Atg7 -/-mice in vivo, and with similar numbers derived from bone marrow culture in vitro. Indeed, Vav-Atg7 -/-have a higher myeloid burden (including macrophages) than WT mice in the spleen, and a relatively higher myeloid burden in peritoneum and blood, suggesting that the absence of autophagy creates conditions that favour macrophage (and potentially other myeloid cell) differentiation and survival over lymphocytes. The spleen was also the organ in which we found the largest difference between numbers of macrophages in young and old mice. As aged hematopoietic stem cells (HSCs) are known to generate a myeloid-biased hematopoietic system [24] , it is possible that loss of autophagy in HSCs, as present in this Vav-Atg7 mouse model, favours the generation of monocytes/macrophages over lymphocytes, thus contributing to increased myeloid cells in the spleen. However, HSCs (rather than the yolk sac progenitors) are the common ancestor to all three types of monocytes/macrophages analysed here (splenic, resident peritoneal and blood) [25] , which partially argues against this. The alternative cell-intrinsic explanation would be that macrophages without autophagy proliferate more; indeed, new research suggests that tissue macrophages such as peritoneal and splenic macrophages self-renew and proliferate [25] . Thus, similar to other self-renewing cells such as HSCs, autophagy may help to keep macrophages quiescent [4] .
Loss of Atg7 also appears not to significantly disrupt macrophage morphology. These findings are in contrast to two previous studies that identify a requirement for Atg7 during ex vivo macrophage development [26, 27] . However, the first study used the autophagy inhibitors 3MA and chloroquine, which can cause autophagy-unrelated effects and toxicity, possibly explaining the different findings. Similarly, the second study used the enrichment of precursors prior to culture, a process that induces autophagy [6] , potentially causing cell death in cells missing an intact autophagy pathway, thereby resulting in the reduction in Atg7 -/-macrophages observed. However, we have found that macrophage maturation and function is significantly impaired in the absence of autophagy. In addition to lower expression of vital surface markers such as MHC II, CD86 and TLR4 on unstimulated macrophages, we observed reduced upregulation of the same markers after maturational stimuli, regardless of the activation pathway targeted. The failure to efficiently upregulate these markers appears to be linked to changes in autophagy, rather than Atg7 specifically, and may represent a novel role for autophagy in maintaining or regulating functional endocytic pathways that control surface marker trafficking and expression. Aged macrophages also frequently exhibit a reduced expression of surface marker genes and receptors, including MHC II [8, 13] and TLR4 [11] . Upregulation of MHC I and II and coreceptors are crucial for efficient antigen presentation. Autophagy affects multiple aspects of antigen presentation by providing an intersection of exogenous or cytosolic antigen, via autophagosomes, with antigen-processing machinery in DCs. However, no research to date has specifically looked at the role of autophagy in macrophage antigen presentation. We used a male-antigen into female model to investigate whether loss of autophagy in macrophages influences MHC I-restricted antigen presentation to CD8 + T cells, which is known to rely on CD4 help [19] . Atg7 -/-macrophages did not efficiently present the male UTY antigen, confirming that autophagy is required for optimal antigen processing in macrophages as well as DCs, TECs and B cells. In addition to impaired antigen processing and delivery in the absence of autophagy [20, 28, 29] , reduced MHC and co-stimulatory molecule expression also likely plays a significant role in reduced antigen-specific responses, providing a second route whereby autophagy influences antigen-related immune responses.
The contribution of autophagy to phagocytosis remains ambiguous, with severely reduced phagocytosis by Atg7 -/-macrophages demonstrated under some circumstances [27] , yet increased uptake in others [30] . In our hands, phagocytosis of beads, but not of apoptotic thymocytes, was reduced in the absence of autophagy, suggesting an indirect role for autophagy or Atg7 in this instance, possibly due to autophagy-related changes in phagocytic receptor expression or membrane motility [31] . Requirement of the latter may be different for the uptake of latex beads than for apoptotic thymocytes. We also demonstrate a significantly reduced nitrite burst in the absence of autophagy. Interestingly, macrophages from aged mice and elderly individuals have been shown to display a decline in NO production and phagocytosis in a variety of settings [32, 33] . The age-related impairment is thought to be due to decreased scavenger and adhesion receptor expression and to changes in membrane motility and fluidity, both of which are also reflected in the reduced phagocytic capacity of autophagydeficient macrophages.
Autophagy has a well-established role in the modulation of inflammatory cytokine production through modulation of IL-1β processing and induction of the inflammasome [22] . However, in addition to increased inflammasome activation, we found significantly increased levels of TNF-α, IL-6, IL-12 and the inflammatory growth factor GM-CSF, suggesting a wider influence of autophagy in inflammasome-independent inflammatory cytokine and growth factor modulation. Notably, we found increased expression of such cytokines even in the absence of exogenous stimuli, suggesting an endogenous signal may be causing the observed inflammation. One candidate is mROS accumulation, which can induce proinflammatory cytokine expression [34] . Elevated levels of IL-6, TNF-α and IL-1β produced by inflammatory macrophages [14] are also frequently found in the serum and tissues of the elderly, resulting from inflammasome over-activation [35] and increased TLR signalling mediated by ROS and DAMPs released by stressed or dying cells [36] . Increased macrophage numbers are a common feature of aging in both mouse and human models [7, 8] . Accordingly, macrophages from old mice were significantly increased in the blood and spleen, similar to Vav-Atg7 mice. Chronic inflammatory and growth factor signalling in Vav-Atg7 -/-macrophages may cause recruitment of myeloid cells into tissues and increase hematopoietic cell egress from the bone marrow, contributing to their increased numbers. It is clear that autophagy plays a vital role in the regulation and control of inflammatory cytokine production and, thus, it is likely that increased inflammatory signalling associated with aging is also exacerbated by age-associated reductions in autophagy and the corresponding increase in damaged mitochondria, ROS and cellular stress. Interestingly, our data suggest that even after phagocytosis, when TNF-α production usually subsides in WT macrophages in or-der to start scaling down the inflammatory response, Atg7 -/-macrophages continue to secrete TNF-α at higher levels. If falling autophagy levels with age result in continued TNF-α production rather than the expected postphagocytosis reduction, and phagocytosis of senescent cells becomes a major function of macrophages, then continued TNF-α secretion would exacerbate the lowgrade inflammation associated with inflamm-aging in a vicious circle.
In addition to an altered mitochondrial burden, we found that autophagy impacts on macrophage metabolism, increasing glucose uptake and the glycolytic rate. Activated M1 macrophages favour glycolysis for ATP generation [37] , enabling prompt adaption to hypoxic inflammation sites, and thus generally high glycolysis is to be expected. However, the increased level of glycolysis in Atg7 -/-macrophages suggests that macrophages need increased levels of ATP or other glycolytic intermediates in the absence of autophagy, potentially to maintain mitochondria potential and avoid apoptosis, or to make up the energy/metabolite deficit, normally supplied by autophagy [38] . A higher mitochondrial load and ROS were only detected in LPS-stimulated senescent macrophages, and not in unstimulated macrophages, possibly because the differences are subtle when autophagy levels are deceased (senescent) rather than abolished (Atg7 -/-), and are only detectable under stress such as with LPS. Furthermore, Glut-1 overexpression and increased glycolysis are known to result in a hyper-inflammatory state [39] , suggesting a link between the inflammatory phenotype of Atg7 -/-macrophages and their increased rate of glycolysis. ROS and inflammatory cytokines, both of which are features of Atg7 -/-and aged macrophages, are known to increase HIF-1α expression [40] , a transcriptional driver of glycolysis, potentially altering metabolism in aged macrophages as well. Indeed, chronic glycolysis has been hypothesised as a driver of aging [41] . On the other hand, it is an intriguing possibility that HIF-1α governs the increased inflammatory response (elevated IL-1β, IL-6 and TNF-α) such as is shown for DCs [42] .
Autophagy levels decline in many tissues with age [1, 6] , causing increased ROS and oxidative stress. Accordingly, we found significantly reduced levels of autophagy in macrophages derived from aged mice and in the expression of key autophagy genes, suggesting that age-related changes in autophagy may be related to the accumulation of genetic changes over time. However, the precise mechanisms by which aging results in reduced autophagy remains unclear, with hypotheses including altered autophagic signalling and reduced autophagosome clearance by the lysosomal system [43] . Our data suggest that although lysosomal content is increased, the number of autophagosomes and autolysomes is reduced with age. It is known that dysfunctional lysosomes filled with nondegradable material such as lipofuscin accumulate with age [43] . Inducing autophagy in aged cells and organisms by caloric restriction or chemical modulation [44] reduces aging-related damage, suggesting that age-related decline in macrophage function may be prevented by maintaining autophagy levels throughout life, or potentially even partially rescued by the induction of autophagy in aged macrophages. Our study suggests that a mild upregulation of autophagy in the aging organism may help to arrest the decline in immune function and thereby prevent the development of chronic inflammation associated with aging.
